Aim. The activity of five hafnium phthalocyanines containing out-of-plane ligands as inhibitors of reaction of insulin fibril formation is studied and correlation between their inhibitory properties and tendency to self
Introduction. Pathogenesis of many diseases, including neurodegenerative disorders (Alzheimer's, Parkinson's, Huntington's chorea) is accompanied by formation of the b-pleated aggregates of proteins, so-called amyloid fibrils [1] . In each of these pathological conditions specific proteins or protein fragments alter the natural soluble form to insoluble fibrils that accumulate in various organs and tissues [2] .
Among the compounds able to suppress the amyloid fibril formation, planar macrocyclic metal complexesphthalocyanines were reported [3] . Due to their high inhibitory activity, low toxicity and ability to overcome blood-brain barrier [4] , the compounds of this class are considered as prospective anti-fibrillogenic agents.
Among the properties that could affect the anti-fibrillogenic and anti-prion activity of phthalocyanines is the tendency of metal complex to self-association [5, 6] . Lamberto et al. have shown that the differences in binding capacity and anti-amyloid activity of phthalocyanines towards alpha-synuclein are attributed to their relative ability to self-stack through p-p interactions modulated by the nature of a metal ion. The low order stacked aggregates of phthalocyanines were identified as the active amyloid inhibitory species [5] .
Recently the anti-fibrillogenic activity of phthalocyanines with out-of-plane ligands has been reported [7] . In contrast to usually planar porphyrine and phthalocyanine molecules these metal complexes have a steric content due to the presence of out-of-plane ligands bound to the central metal atom. These complexes are able to inhibit the reaction of insulin fibrillization and to redirect its pathway to the formation of oligomeric aggregates [7] .
The current work is aimed at studying the inhibitory activity of series of five hafnium phthalocyanines containing out-of-plane ligands of various chemical nature ( Fig. 1 ) in the reaction of insulin fibrillization and at inquiring into the role of phthalocyanines self-association in anti-fibrillogenic properties. The inhibitory activity of metal complexes is determined using earlier reported fluorescent cyanine based inhibitory assay [8] . For the study on phthalocyanines self-association the absorption spectra were obtained for both free metal complexes and in the presence of native and fibrillar insulin.
Materials and methods. Hafnium phthalocyanines with out-of-plane ligands were synthesized as described in [9] [10] [11] . These compounds were of intensive greenblue color and had moderate solubility in DMF. Phthalocyanines were stable under the experimental conditions. Composition and structure of complexes were confirmed by 1 H NMR and element analysis on metal. Stock solutions of phthalocyanines in concentration of 2 mM were prepared by dissolving the compound in DMF. Amyloid-specific cyanine dye 7519 [12] was kindly provided by Dr. O. I. Tolmachev and Dr. Yu. L. Slominskii (Institute of Organic Chemistry of NAS of Ukraine). 2 mM dye stock solution was prepared in DMF.
Insulin fibril formation. Human insulin (Private Joint Stock Company «On the production of insulin «Indar», Ukraine) was dissolved at 340 µM concentration in 100 mM water solution of HCl (pH 2). Fibrils were formed by incubating the protein solution in a water bath at 65°C for about 5 h. Aliquots of the reaction mixture were withdrawn from each tube at about 90, 150, 240, and 300 min intervals to allow spectral measurements using dye 7519. For this, 10 µl aliquots of the aggregation mixture were added to 1 ml of a 2 µM dye solution in 50 mM Tris-HCl buffer, pH 7.9, insulin concentration was thus 3.4 µM [7] . The dye 7519 was earlier shown to bind specifically to the fibrillar form of insulin accompanied with sharp increase in fluorescence intensity. Since the dye specifically binds predominantly to the aggregated form of insulin (both fibrillar and oligomeric) we believe the dye fluorescence intensity to be an adequate characteristic to estimate the quantity of aggregated protein (the free dye demonstrates much lower emission intensity as compared to its bound form). All spectroscopic measurements were made immediately after mixing the protein and dye solutions. Fluorescence spectra were registered using fluorescent spectrophotometer Cary Eclipse («Varian», Australia).
Inhibitory assay. The phthalocyanines PcHfPiromelit, PcHfDbm 2 , PcHfPyr 2 , PcHfBtfa 2 and PcHfCl 2 were added to the corresponding insulin solution right prior the beginning of aggregation reaction. The used concentration of monomeric insulin was 340 µM, the concentration of inhibitors was 100 µM. The procedure of insulin fibrillization was performed, and the quantity of the formed aggregates was monitored using the 7519 dye fluorescence as described above. Inhibitory activity was defined as (1 -I/I 0 ) × 100 %, where I 0 and I are the 7519 fluorescence intensity values for inhibitor-free and inhibitor-containing insulin solutions respectively. The ratio I/I 0 was considered to be an adequate estimation of quantity of protein aggregated in the presence of certain inhibitor concentration Cinh as compared to noninhibited fibrillization process. The inhibitor-free sample was used as aggregation reference; corresponding aliquot of DMF was added to this sample to exclude the solvent effect.
Absorption spectroscopy. Absorption spectra were recorded using Specord M-40 spectrophotometer («Carl Zeiss», Germany). Phthalocyanines were studied in 50 mM Tris-HCl buffer, pH 7.9 and in 0.1 M HCl (concentration range 0.5-10 µM); in DMSO (concentration 5 mM); and in the presence of 34 µM native or fibrillar insulin (concentration 10 µM).
Results and discussion. Inhibitory activity of phthalocyanines in insulin fibrillization reaction. The kinetics of insulin fibrillization in the presence and in the absence of phthalocyanines was monitored by the changes in fluorescence intensity of amyloid-sensitive dye 7519 according to the method described earlier [6] .
With the passing of insulin fibrillization reaction we observed the changes in dye fluorescence intensity upon addition of inhibitor-free samples and samples containing compounds PcHfDbm 2 , PcHfBtfa 2 , PcHfPyr 2 ( Fig. 2) . The presence of samples containing complexes PcHfPiromelit and PcHfCl 2 slightly affected the fluorescence intensity of dye during the reaction pathway.
Thus it could be concluded that the presence of phthalocyanines with spatial substituents containing multiple phenyl groups (PcHfDbm 2 , PcHfBtfa 2 , PcHfPyr 2 ) partially suppressed the formation of insulin fibrils. For these compounds the values of inhibition efficiency (defined as (1 -I/I 0 ) ×100 %; see Experimental section) varied in the range PcHfBtfa 2 (60 %) < PcHfPyr 2 (66 %) < PcHfDbm 2 (73 %).
At the early stage (t = 150 min) of the insulin aggregation reaction in the presence of the sample containing phthalocyanine PcHfDbm 2 it was demonstrated a higher dye emission comparing with inhibitor-free sample. Thus, we can suppose that the presence of PcHfDbm 2 promotes the formation of beta-pleated structures at the early stage comparing with inhibitor free sample. The ability of phthalocyanines with out-of-plane ligands to redirect the insulin fibrillization reaction to the formation of spherical aggregates was shown earlier.
A higher inhibitory activity was noted for phthalocyanines PcHfPiromelit and PcHfCl 2 . Their presence almost completely suppressed the formation of both betapleated insulin aggregates at the early stages of reaction and amyloid fibrils. The final inhibitory effects for these complexes were about 94 and 96 % correspondingly.
This observation points to the dependence of inhibitory activity of phthalocyanines on the chemical nature of out-of-plane ligand. Thus the conclusion can be made about high antifibrillogenic properties of the complexes with «small size» ligand (PcHfCl 2 ) or ligand containing carboxy group (PcHfPiromelit) that allows the electrostatic interaction or hydrogen bonds formation with protein aminoacids.
Determination of the efficient inhibitory concentration for PcHfPiromelit. Phthalocyanine PcHfPiromelit demonstrated a high anti-fibrillogenic activity in the insulin fibrillization reaction, thus for this complex the (5) and PcHfCl 2 (6) on the kinetics of insulin fibrils formation, plotted with phthalocyanine-free insulin control (K -1). The reaction mixture containing 340 µM of insulin in 0.1 M water solution of HCl and 100 µM of corresponding inhibitor was incubated at 65°C for 5 h. Fibril formation efficiency was assessed with fluorescence intensity of dye 7519 using 2 µM concentration. Experiment was performed three times. Standard deviation of the mean is presented as the error bars efficient inhibitor concentration was identified according to the method described in [6] . The efficient inhibitor concentration is estimated as a concentration of phthalocyanine at which the dye fluorescence intensity is half concentraion for the inhibitor free solution. It is shown that the inhibitory effect enhances with increasing concentration of metal complex in the reaction mixture. The dependence of I/I 0 on C(inh) for PcHfPiromelit is presented in Fig. 3 . Approximation of experimental dependence of I/I 0 on C(inh) with the sigmoid curve gives the efficient inhibitor concentration IC 50 which characterizes the inhibition of the fibrillization reaction by the studied metal complex. The efficient inhibitor concentration for PcHfPiromelit was determined as IC 50 = 2,8 ± 0,6 µM, that is more that one order lower than the corresponding value (obtained for inhibition of bovine insulin) for zirconium phthalocyanine containing out-of-plane lysine ligands PcZr Lys 2 (IC 50 = 37 ± 0,6 µM), determined by us earlier [6] .
Aggregation of phthalocyanines in buffer, pH 7.9, and DMSO. To study the aggregation ability of phthalocya nines, we recorded their absorption spectra in polar solvent DMSO and in 0.05 M Tris-HCl buffer (pH 7.9) (Fig. 4) .
In the spectra of complexes in DMSO two bands were observed, short-wavelength vibronic satellite band with maximum near 615 nm and sharp intensive longwavelength band with maxima on 679-693 nm. The profiles of spectra and band positions are typical for monomeric phthalocyanines.
In absorption spectra of complexes in the buffer the bands are much wider than in DMSO. They contain two bands, short-wavelength band or shoulder in the range 642-646 nm and long-wavelength one in the range 685-700 nm.
It is shown that for PcHfBtfa 2 (Fig. 4, B) , PcHfD bm 2 , and PcHfPyr 2 the long-wavelength band is the most pronounced and that an increase in the complex concentration does not lead to redistribution of intensities between the absorption bands. This behavior points to a low propensity of phthalocyanines to self-association. For these complexes the absorption spectra correspond to the monomeric phthalocyanine molecules, the short-wavelength band could be attributed to the vibronic transition. The inhibitory activity of these complexes varies in the range 60-73 %.
In spectra of phthalocyanines PcHfPiromelit (Fig.  4, A) and PcHfCl 2 in buffer, the relative intensity of short-wavelength band increases at higher complex concentration, while that of long-wavelength band decreases. Starting from about 5 mM concentration the shortwavelength band dominates in the spectra. Such behavior is an evidence of high tendency of the PcHfPiromelit and PcHfCl 2 metal complexes to self-association. In this case the short-wavelength band belongs to aggregates of phthalocyanines, while the long-wavelength one corresponds to their monomers. At the same time, these complexes demonstrated a very high inhibitory activity -96 % for PcHfPiromelit and 94 % for PcHfCl 2 .
In this way we observed a higher anti-fibrillogenic activity for phthalocyanines with pronounced tendency to self-association.
An addition of native or fibrillar insulin to the complex with high inhibitory activity PcHfPiromelit leads to the significant decrease of short-wavelength aggregation band and increase of long-wavelength monomeric one (Fig. 5, A) . Thus it could be concluded that phthalocyanine interacts with both native and fibrillar proteins and this interaction leads to the destruction of metal complex self-associates. It is supposed that phthalocyanine molecules bind to the surface of protein in monomeric form. 
) to the efficient inhibitor concentration
Aggregation of phthalocyanines upon conditions of fibrillization reaction. Since the reaction of insulin fibrillization is performed in acidic media -0.1 M HCl, the aggregation tendency of phthalocyanines in these conditions was studied. In absorption spectra of all studied metal complexes in acidic media the short-wavelength band (near 650 nm) was observed as less intensive shoulder, while the long-wavelength band (maximum about 700 nm) was the most pronounced. Besides, an increase in the phthalocyanines concentration up to 10 µM did not lead to the redistribution between intensities of short-and long-wavelength bands (Fig. 6) . Thus, the observed absorption spectra belong mainly to monomeric form of the phthalocyanine. Therefore, we can suppose that irrespectively of the prone of phthalocyanines to self-association in aqueous buffer at neutral or low-basic pH, these complexes did not form aggregates in acidic media at low pH.
It is shown that in acidic media for phthalocyanine with high inhibitory activity PcHfPiromelit the presence of native or fibrilar insulin slightly affects the relation between intensities of short-and long-wavelength absorption bands (Fig. 5, B) and thus -the aggregation degree of metal complex.
Hence, we can conclude that in acidic media the metal complexes exist mostly in monomeric form and their interaction with proteins does not cause the additional des truction of phthalocyanine self-associates or formation of associates on protein surface.
The axial coordination with imidazole ring of histidine was reported among the mechanisms of complex formation of Zn(II) phthalocyanine tetrasulfonate molecules and protein a-synuclein [4] . For studied phthalocyanines we can exclude the possibility of their chemical binding to aminoacids due to the nature of metal atoms and the presence of spatial out-of-plane ligands. We propose that high self-association ability of phthalocyanines in aqueous media points to a strong stacking interaction between molecules of the metal complex. In the presence of protein the stacking of phthalocyanine molecules with aromatic aminoacids could become more preferable than self-stacking, that results in the destruction of phthalocyanine aggregates and fixation of the metal complex molecules on the surface of protein.
We could further suppose that even in acidic media where the aggregation does not occur, the stronger stacking between metal complexes and aromatic amino-acids still takes place leading to the inhibition of insulin fibrillization At the same time, the compounds with less pronounced tendency to stacking interactions poorly form selfassociates and weakly bind with aromatic amino-acids. Therefore, the tendency of phthalocyanines to selfassociation in aqueous media is considered as «an indicator» of their ability to stack with aromatic aminoacids of protein and thus their anti-fibrilogenic activity.
Conclusions. Series of hafnium phthalocyanines containing out-of-plane ligands were firstly studied as anti-fibrillogenic agents using the fluorescent cyanine dye inhibitory assay.
For the compounds with weak proneness to selfassociation in aqueous media (PcHfDbm 2 , PcHfPyr 2 , PcHfBtfa 2 ) the value of inhibitory activity varies in the range 60-73 %. For the complexes with the pronounced tendency to self-association in water solution (PcHfPiromelit and PcHfCl 2 ) the inhibitory activity was noticeably higher (about 95 %). For the complex PcHfPiromelit the micromolar efficient inhibitor concentration (IC 50 = 2.8 ± 0.6 µM) in the insulin fibrillization reaction was determined.
The addition of native or fibrilar insulin to the aggregation-prone phthalocyanines in aqueous buffer leads to the destruction of self-associates of metal complex. We can suppose that phthalocyanines interact with protein through the stacking with aromatic aminoacids in monomeric form. Upon the conditions of insulin fibrillization reaction (0.1 M HCl) phthalocyanines exist predominantly as monomers, the addition of native or fibrilar insulin does not affect the degree of self-association of metal complexes.
Thus, we conclude that low-order self-associates are not involved directly in the mechanism of inhibition of insulin fibrillization, phthalocyanines bind with protein in monomeric form through the stacking to it aromatic amino-acids. We suggest that the tendency of phthalocyanines to self-association in aqueous media is «an indicator» of the proneness of metal complex molecules to stack with aromatic amino-acids of protein and thus of their anti-fibrilogenic activity.
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